An explicit Navier-Stokes solver has been written with the option of using one of two types of turbulence models. One is the Baldwin-Lomax algebraic model and the other is an implicit k-e model which has been coupled with the explicit Navier-Stokes solver in a novel way. This type of coupling, which uses two different solution methods, is unique and combines the overall robustness of the implicit k-c solver with the simplicity of the explicit solver. The resulting code has been applied to the solution of the flow in a transonic fan rotor which has been experimentally investigated by Wennerstrom. Five separate solutions, each identical except for the turbulence modelling details, have been obtained and compared with the experimental results. The five different turbulence models run were: the standard Baldwin-Lomax model both with and without wall functions, the Baldwin-Lomax model with modified constants and wall functions, a standard k-E model and an extended k-e model which accounts for multiple time scales by adding an extra term to the dissipation equation. In general, as the model includes more of the physics, the computed shock position becomes closer to the experimental results.
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Introduction
The fan in a commercial or military turbofan engine is a component critical to the successful attainment of the performance and efficiency targets of the entire engine. As the pressure ratio and loading increase, it becomes more difficult to meet efficiency goals, stall margin and mechanical constraints. The flowfield is extremely corm lex and the geometry length scales span several orders of magnitude, from the span of the blade to the tip gap and leading edge radius. Current designs are already very efficient with relatively high pressure ratios. To design more efficient fans requires better understandirg of the fluid mechanics and more sophisticated analytical tools to predict the performance and efficiency accurately. Tip clearance effects, boundary layers with associated shear stress and blockage, turbulence effects and shock loss must be accurately modeled to correctly predict the shock position, the flow rate and the overall loss and performance. This requires a 3D Navier-Stokes solution of the flowfield.
Starting with the Navier-Stokes equations which fully describe the flow field, one could perform a direct numerical simulation with a minimum number of assumptions. These have been obtained for simple geometries (Rai and Moin, 1991) , but the approach has not yet been demonstrated for transonic flow and complex geometries. In addition, the current cost in computer time would make this approach prohibitive as a design tool. The first level of assumptions lead to the Reynolds averaged Navier-Stokes equations. These are obtained by ensemble averaging the equations which filters out the turbulent or random fluctuations of the flowfield. The dependent variables in these equations then become the unsteady deterministic (nonrandom) velocity, density, and energy. Apparent stresses are produced by the averaging process due to the time unsteadiness of the actual flowfield and the nonlinear terms in the equations. The problem with this system of equations is how to determine these apparent stresses and close the system. This is accomplished with a turbulence model.
One could solve the time-accurate equations or account for the deterministic unsteadiness by performing a time and passage average as proposed by Adamczyk (1985) . The former is still too costly in computer time while the averaging operators lead to additional apparent stresses which must be determined from empirical models. Rather than do this, one more level of assumptions cmq be introduced. Namely, that the deterministic flowfield is steady in a rotating frame of reference. The explicit Euler code described Ly Holmes and Tong (1985) was extended by CeJar and Holmes (1989) to ac count for boundary layer blockage and solid bodies. This code has been further extended at GE Krcraft Engines to solve the Reynolds averaged Navier-Stokes equations. Thr resulting code has the option of running inviscid, laminar, and turbulent with the Baldwin-Lomax model or the k-e model. The numerical scheme for solving the k-f equations is based on an implicit staggered grid method of solving convection-diffusion equations as described by Patankar (1980) . An explicit k-E solver was not pursued because the stability of this scheme was not well understood at the time. It was decided instead to extensively modify an existing implicit staggered grid k-r solver and couple this with the Runge-Kutta explicit Navier-Stokes solver. The modifications included using the area projections contained in the explicit solver rather than the inverse Jacobian, modifying the data structures to those used by the explicit solver and vectorizing the entire code on the CRAY YMP. The details of the algorithm will be presented in this paper.
The coupling strategy is very simple. The density, velocity and energy field is updated at each time step in the time marching solver. Using this velocity and density field, the turbulence model and law of the wall are applied with a resulting turbulent viscosity and wall shear stress calculated. For the algebraic Baldwin-Lomax model, the turbulent viscosity is simply calculated; whereas for the k-e model, the finite volume form of the k and E equations are advanced one iteration, and the turbulent viscosity is calculated from the k and f values. The turbulent viscosity and shear stress in turn are used by the viscous time marching solver.
A transonic fan rotor which has been experimentally investigated by Art Wennerstrom, formerly at WrightPatterson AFB, has been used to validate and compare the Navier-Stokes code with five variations of the turbulence models. By using the same Navier-Stokes solver, the same grill and same boundary conditions, the effect of the turbulence model on the quality of the flowfield results can be quantified. Except for investigating the effect of the Baldwin-Lomax constants which other researchers have made a function of pressure gradient, it has been the intent to keep the method general and not "tune" the constants based on the experimental results.
The Wennerstrom fan has also been run as a stage with the stator modeled as axisymmetric source terms. These results along with the results of two other fan geometries are described by Jennions and Turner (1992) .
Background to Turbulence Modelling Efforts
To close the Reynolds averaged Navier-Stokes equations requires a model for the turbulent shear stresses. The Boussinesq hypothesis has been used which says that the effective turbulent shear stress can be related to the strain times the turbulent viscosity.
The Baldwin-Lomax turbulence model (Baldwin and Lomax, 1978 ) is a two layer algebraic model which determines the turbulent viscosity in an inner and outer layer which are subsequently matched. Dawes (1985) , Adamczyk et al. (1989) and Rai (1989) have used this model for turbomachinery applications. Granville (1987) and York and Knight (1985) have investigated the effects of pressure gradients on the predictive capability of such a model, and have concluded that the model constants need to be modified in the presence of a pressure gradient.
The two equation k-E model, described by Launder and Spalding (1974) , has been developed with fewer approximations than the Baldwin-Lomax model. The turbulent viscosity is a function of the k and e values. This model is often associated with a pressure-correction solver, and the current code started with the k-f model in a pressurecorrection solver which was modified to fit into the framework of the explicit time-marching solver. Chen and Kim (1987) describe an extension to the k-E model. Basically an attempt is made to model the physical process of the generation of large eddies which break down into smaller eddies and fine scale eddies which are then dissipated. This is done by using two time scales of the turbulent kinetic energy spectrum rather than just one, making a few assumptions, and adding an extra term to the dissipation rate equation. This additional term has the effect of decreasing the turbulent viscosity which seems to be overpredicted using the standard model when the mean shear is large.
In order to overcome the extremely fine grids required to accurately model boundary layers down to the wall, both turbulence models use wall functions. This is an option when using the Baldwin-Lomax model. However the ke solver is a high Reynolds number model, and the wall functions are always applied. It is a gridding requirement to keep the grid from becoming too fine.
The Navier-Stokes Equations
The compressible Navier-Stokes equations for a single blade row in three dimensions are cast in terms of absolute velocity but solved in a relative non-Newtonian reference frame rotating along with the blade about the z axis with angular velocity Q. The equations are written in a conservative form in Cartesian coordinates (x,y,z 
in which p is the density and e is the total internal energy.
The absolute velocity vector V = vyj v z k and i, j, and k are the unit vectors in the x, y, and z directions. E accounts for terms due to rotation of the coordinate system:
and F, G, and H are the convective fluxes given by: 
The pressure p is determined through an equation of state.
The ideal gas law is assumed:
The static temperature T is determined by:
where C" is the specific heat at constant volume which is a property of the fluid and is a constant if the gas is assumed to be perfect. The relative velocity vector W = w,i wyj wz k is related to the absolute velocity through the following equations:
The viscous terms Fv , Gv and where it is the viscosity. The equations for Ty, and -r" are similar to Eq. (10), and the equations for 1-"", Tzx Tyz and 7,y are similar to Eq. (11). The components of work done due to viscous stresses are:
and q accounts for the heat conduction within the fluid:
with the thermal conductivity being given by: 
I
Cross Flow Plane
The unsteady Navier-Stokes equations have been presented. These equations fully describe the flow field including the turbulence, but to solve them numerically requires resolving very small spatial and temporal details. To obtain meaningful results with coarser grids, these equations can be averaged over relatively small time periods to produce the Reynolds average form of these equations. This yields equations with apparent stresses due to the time unsteadiness. Boussinesq introduced an hypothesis which says that this apparent stress can be related to the strain times the turbulent viscosity. An effective viscosity, therefore has two distinct parts:
and similarly:
where the 1 and t subscripts denote laminar and turbulent quantities respectively. For air, Fri = 0.74 is a property and Prt = 0.9 has been applied. With pq f and tc,ff replacing is and a, the above Navier-Stokes equations remain unchanged in form. Conceptually these are now the deterministic velocities being calculated rather than instantaneous velocities. The laminar viscosity is modeled by Sutherland's law in which it' is a function of the local static temperature. The turbulent viscosity calculation, which is needed to close this system of equations, is discussed below for two turbulence models.
The Navier-Stokes Numerical Scheme
The equations above would reduce to the Euler equations if I', , G y and H y are set to zero. The code and solution method is then the same as described by Holmes and Tong (1985) and Cedar and Holmes (1989) , both of which describe a turbomachinery version of the cell centered RungeKutta algorithm described by Jameson (1981) . Essentially, the equations are integrated about a finite control volume and marched in time using a five-stage Runge-Kutta scheme. This scheme, on which the dissipation is evaluated on the first and second steps only, has dissipative properties that are particularly suited to the multigrid strategy employed to accelerate the solution. Both second and fourth order smoothing are applied with the second order smoothing being tripped by a pressure gradient switch. Because only a steady result is desired, local time stepping is used. The current algorithm extends this basic strategy. Various Runge-Kutta schemes have been coded to compare the schemes and aid in starting particularly difficult solutions. A two-stage scheme, similar to that of Dawes (1985) where the dissipation is calculated on each step, has proved particularly robust. Residual averaging has been added to enhance stability and robustness. Rather than increase the Courant number (CFL), the residual averaging has been used to stabilize solutions using the same CFL number.
Essentially, the residuals are smoothed implicitly using an SLOR type strategy. The smoothing parameters used to obtain the results presented here are all unity. To account for the viscous terms, velocity and temperature gradients are required. A Green's theorem approach is used which is similar to that used by Kallanderis (1987) . The volume integral of the gradient can be converted into a surface integral using Green's theorem. The resulting integral can be expressed in terms of face areas and variable values as:
This is applied to a control volume which is offset from the other control volumes as shown in Fig. 1 . Appropriate values and averages of these gradients are then used to obtain the viscous fluxes, F y , G y and H y , about the flux balance control volume.
For a viscous calculation, the no-slip and adiabatic wall boundary conditions are applied. In order to utilize grid points most efficiently, a law of the wall model can be used to evaluate the shear stress and shear work terms at a wall boundary. This model is described below in more detail. At the inlet, the absolute total pressure and temperature profiles are specified as well as the absolute tangential velocity and flow angle in the r-z plane. At the exit, the static pressure is specified at one spanwise location and a simple radial equilibrium condition is used to determine the static pressure at the rest of the exit plane. 
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The Baldwin-Lomax Turbulence Moctil
The formulation of the Baldwin-Lomax model is identical to that described by Baldwin and Lomax (1978) , but there is much contention as to how it should be coded in practice. Several assumptions, or clarifications of the model which were used are:
• The equations are applied along grid lines rather than normals to solid surfaces. This avoids having to calculate all the normal distances and the interpolation of flow variables.
• Since a law of the wall approach is used in practice, the Van Driest damping terms are dropped.
• There is a limit placed on ycrossover in order for it not to occur too far from the wall.
• Beyond the trailing edge, the turbulence model is essentially frozen. Average values of F"," and y."," are taken from the trailing edge suction and pressure surfaces and applied at downstream locations.
• The downstream running grid line from the blade trailing edge is assumed to be the wake centerline.
• F""k, has been formulated to be the smaller of two terms (Baldwin and Lomax, 1978) . Only the term Fake =y^,ax F"," has been used.
• The turbulent viscosity is limited to 1000 times the laminar viscosity in order not to have spuriously high viscosities in the flow field. The number of nodes which are clipped in this fashion are kept track of in the code. Granville (1987) has attempted to predict the behavior of two of the constants, CCP and CKLEB, for varying pressure gradients. The values used by Baldwin and Lomax are Ccp = 1.6, and CKLEB = 0.3, which lie far outside the curve suggested by Granville. York and Knight (1985) have also suggested different values of these constants in their work. The effects these changes can have on a solution are demonstrated later in the paper.
The k-e Turbulence Model
The k-c turbulence model is a two-equation model which determines the turbulent kinetic energy k, and a macro length scale of the turbulence 1 from transport equations.
The turbulent kinetic energy is defined as where u: are the components of the unsteady velocity vector. The length scale can be related to k and the isotropic turbulent dissipation rate c through the following relation:
where CD is a constant. The dissipation rate is defined as:
pax; ox;
The k-e model for high Reynolds numbers is described by the following equation (Launder and Spalding, 1974) presented in the conservative differential form of Eq. (1).
Subscripts of k-e will indicate the vectors for these equations:
Pk
Uk-c = [ 
PC]
Gen -pc
In Cartesian coordinates, the generation term, Gen, is:
The turbulent viscosity is 
Extended k-e model Chen and Kim (1987) 
Pe C3 is a new constant. The value of this constant and the suggested values of the other constants (Chen, 1991) are:
C" = 0.09, C1 = 1.15, C2 = 1.90, C3 = 0.25, 
This extra term represents the energy transfer rate from large scale turbulence tb small scale turbulence controlled by the production range time scale and the dissipation rate time scale (two time scales as opposed to one in the standard model). If the generation term is large (i.e. the mean shear is strong), then this extra term will increase E and suppress the overshoot of k (Chen and Kim, 1987) . The resulting turbulent viscosity is also decreased.
k-e boundary conditions
At the inlet, k and E must be prescribed. For the results presented, these are specified as uniform for the entire inlet plane. The inlet turbulence intensity, TURBIN defines the level of turbulent kinetic energy given an average relative velocity, W as: The values of k and E at the inlet can be specified to be non-uniform, but how the turbulence intensity and length scales vary is very difficult to predict, and therefore has not been attempted.
The boundary conditions for k and e at the wall are based on the wall-function method discussed in the next section and more fully explained by Launc-r and Spalding (1974 k-e discretization approach and solution method
The k-E model is discretized about the same flux balance control volumes used by the explicit solver (Fig. 1) , and the k and e values are stored at the cell center nodes. The approach is based on writing a general form of the transport equations as is common in a pressure-correction scheme, which involves the local cell center, P, plus the six neighbor cell centers N, S, E, W, D, and U:
z=N,S,E,W,D,U
The variable t is either k or E. The term (S4,)p includes the original source term in the equation plus any additional terms which are not made up from the seven grid points. As explained by Patankar (1980) , the following condition must be satisfied to ensure stability: This is achieved by using a hybrid scheme which upwinds the convective terms if the diffusion terms are too small. The convective term is just the mass flux through a face times the average of the cell center values. Eq. (40) is solved using an ADI scheme on a cross flow plane. A tridiagonal solver couples the blade-to-blade direction and the spanwise direction. The equations are not solved implicitly in the streamwise direction. The equations are solved on a cross flow plane starting at the inlet and marching downstream to the exit.
The diffusion term discretization is based on summing 1 
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For the other derivatives, the grid derivatives are obtained by averaging the surrounding area projections, and central differencing is again used. For example (iL T + Ay ' 9 ,9 + : it aaz2 ) Z
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Vol 2 (50) where
and similar expressions can be written for (Ay) and (An. The use of the projected areas is very similar to using the inverse of the Jacobian matrix to obtain the grid derivatives which is a more common approach (Anderson et al., 1984) . It was used here because the areas had already been allocated memory storage for the explicit solver and the inverse of the Jacobian did not need to be calculated.
The law of the wall model uses empirical data of how the wall shear stress relates to the distance away from the wall. White (1974) shows that this data collapses to a log-linear curve for y+ > 30 when u+ and y+ are plotted. The innerlaw velocity variable u+ is defined as:
and y+ is defined by Eq. (35). By using this u+-y+ relation, the grid does not have to be fine enough to resolve the entire boundary layer to get the correct shear stress. The grid does have to be fine enough to ensure the log-linear relation is valid which depends on the pressure gradient.
The maximum valid y+ at the wall lies between 150 and 1000. The force of the shear stress on the wall is applied parallel to the velocity vector and has a magnitude of the shear stress times the area magnitude.
Law of the wall with the Baldwin and Lomax model
The u+-y+ relation used with this model is a combination of Spalding's model presented in White (1974) This relation has been curve fit to give y+ = (Re,) (56) where the cell Reynolds number is known. Once y+ is known, u+ is determined from the u+-y+ relation and the wall shear stress is known.
Law of the wall with the k-e model
The law of the wall has already been assumed in prescribing the boundary conditions for the k and e equations. The y+ values are calculated using Eq. (36), and the u+-y+ relation used is:
Sl ln(E/,,y+) if y+ > 11.63 ,
where E,,0 = 9.793 and ki", = 0.4187. The way this equation is applied is that for y+ < 11. 
Results
The Navier-Stokes solver has been used to solve the flowfield about a transonic fan rotor which was designed at GE Aircraft Engines under a USAF contract and has been experimentally investigated by Wennerstrom at Wright Patterson AFB. This is the fourth rotor in a sequence of experimental fan rotors. Solutions have been obtained using three variations of the Baldwin-Lomax turbulence model and two variations of the k-c model. Each of the five cases used the same grid, the same smoothing constants, and the same boundary conditions. The grid used is shown in Figs. 3 and 4 . The grid near the walls was spaced to be valid for a turbulence model with wall functions. It has 49 grid points within the blade passage and 37 grid points spanwise (5.855 inch span at the leading edge) of which 4 are within the tip gap (0.025 inch). Upstream of the leading edge, there are 16 axially spaced grid points; there are 65 grid points along the blade surface axially, and there are 16 grid points downstream of the trailing edge for a total of 97 axial grid points. This is a total of 175,861 grid points.
The inlet boundary conditions which have been specified are a uniform absolute total pressure and total temperature. The test inlet total pressure and temperature were 9.85 psi and 545 degrees Rankine respectively. All measurements have been corrected to standard conditions, so the calculation ran with an inlet total pressure of 14.696 psi and an inlet total temperature of 518.688 degrees Rankine. The tip speed is 1500 ft/sec at a tip radius of 8.5 inches. The tangential velocity is zero, and the meridional flow angle, arctan(V,./17), was determined from a through-flow calculation. The inlet turbulence intensity for the k-e solutions have been specified as 2%. At the exit, the static pressure at the casing was specified, and simple radial equilibrium was applied to determine the static pressure at the rest of the span. The pressure at each radial grid line is treated to be uniform tangentially (i.e. as 0). At the wall, the shear stress is determined from the velocity gradient or from the wall function if the wall functions are used. These shear stresses are then multiplied by the velocity of the wall in the absolute frame to determine the shear work terms of Eqs. (12)-(14). This means there is a shear work contribution from the rotating hub and blade surfaces, but it is zero at the ca-sing.
Solutions have been obtained using the following turbulence models:
1. The Baldwin-Lomax model with standard constants and no wall functions.
2. The Baldwin-Lomax model with standard constants and wall functions.
3. The Baldwin-Lomax model with a set of constants modified for pressure gradient (Ccp = 1.0 and CKLEB = 0.64) and wall functions. These were chosen to lie on the curve predicted by Granville (1987) in the adverse pressure gradient region.
4. The standard k-e model.
The extended k-c model.
The general procedure to run these complex solutions is to start using the more robust two-stage Runge-Kutta scheme and continue with the faster five-stage scheme. The (60) (61) k-c solutions were run until a level of the residual was smaller than a convergence c (1000 iterations for case 4 and 915 iterations for case 5). The Baldwin-Lomax residuals, however, leveled off at a larger value than this convergence criterion, and would not reduce further. The solution was determined to be converged when the RMS velocity in the flowfield stopped changing (1300 iterations for case 1 and 1000 iterations for cases 2 and 3). This lack of continued convergence is attributed to the discrete maximum operator used in the Baldwin-Lomax model (Baldwin and Lomax, 1978) . If the turbulent viscosities are frozen at a given iteration, the solution converges.
The solution time using the five-stage scheme, the k-e model, three levels of multigrid and residual averaging was 3.67 x 10 -5 sec/iter/grid point with all arrays in main memory on a CRAY YMP. The Baldwin-Lomax model with everything else identical takes about 10% longer for each iteration. Even though the k-c coding has been vectorized and modified to reduce redundant calculations, and the Baldwin-Lomax coding has not, it is still surprising that it is faster to update two partial differential equations than calculate a complex algebraic equation. Many people choose the Baldwin-Lomax model because it is supposedly more efficient. However, based on the speed difference demonstrated, the choice of using the Baldwin-Lomax turbulence model should be based on simplicity of coding and quality of results, but not efficiency. The time solving the k-e equations could be reduced further if one iteration of the k-e model is run every other or every fifth iteration of the time marching procedure rather than every iteration.
The flow rates calculated using the different turbulence models are shown in Table 1 as a percentage greater than the experimentally measured flow rate. The extended k-e model predicts the flow rate to be closest to the experimental value, but still outside the accuracy of the measurement which is +0.8%.
In Table 2 , the near wall y+ statistics for the standard k-e solution are presented. These are typical values for the other cases except the Baldwin-Lomax solution with no wall functions (case 1), which are approximately half those in Table 2 . The statistical quantities of y+ are useful because with current structured gridding techniques, one cannot a priori create a grid which satisfies the y+ constraints. One can calculate an approximate distribution of y+ prior to obtaining a solution which helps in the gridding process. The variation of y+ at midspan for the standard k-c solution is shown in Fig. 5 . The average and standard deviation are convenient to determine whether the grid is appropriate for the given turbulence model. For the standard k-c model presented (high Reynolds number and law of the wall), an average y+ plus and minus the standard deviation within 35 to 300 is felt adequate. For a BaldwinLomax solution with wall functions, the average plus the standard deviation should be less than 300. The upper bound of 300 is valid for any pressure gradient as long as the flow is not separated; however it can be as high as 1000 for a very favorable pressure gradient. With no wall functions, the y+ values should all be near 1. The values for case 1 are much too large for the solution to be meaningful. It is presented to demonstrate that a quality solution is obtained only when the grid resolution matches the model being used. Fig. 6 shows the contours of the casing static pressures for the five cases compared with the measured Kulite data contour plot. In Fig. 6b , one can clearly see the bow shock. Other features are harder to distinguish, but with the help of Fig. 6a , one can see a diffuse passage shock and the presence of a tip vortex originating near the leading edge. Clearly, the Baldwin-Lomax solution without wall functions in Fig. 6e predicts the passage shock to be too strong and too far aft like an inviscid solution. This is because the shear stress is underpredicted without the law of the wall and with the near wall y+ values too large. With the shear stress underpredicted, there is not enough blockage to move the shock forward. The Baldwin-Lomax solution with standard constants and wall functions in Fig. 6f still seems to predict the passage shock to be too strong; it is not spread out enough. Figs. 6c and g, (the standard k-e solution and the solution using the Baldwin-Lomax model with modified constants) are remarkably similar showing good agreement with the experimental results. The extended model in Fig. 6d is very similar to the experimental results also. In this solution, the tip vortex emanating near the leading edge appears tighter and stronger than in the other solutions. Figs. 6 and 7 show that the modified constants which were chosen for case 3 do produce a change to the results which were expected based on the pressure gradient. However, the constants chosen for this Baldwin-Lomax run were somewhat arbitrary and may not be suitable in other flow situations. Also, it is difficult to generalize and code an algorithm which determines the values of the constants to use. The standard k-e model however clearly already contains this pressure gradient effect. Fig. 8 shows the hub-to-case efficiency profiles calculated at the trailing edge plane compared with experimentally derived data. The measurements were taken downstream of a stator and a data-match has been used to separate out the stator losses. It can be seen that all but the BaldwinLomax solution without wall functions are in good mutual agreement and reasonably match the data.
The previous discussion focused mainly on the comparison of the casing static pressures. This is because the fan is being modeled as an isolated rotor, but was run as a stage (a stage simulation has been run by Jennions and Turner (1992) ). The efficiency, therefore, has to be calculated assuming a stator loss. Also, the shock position is more sensitive for the different turbulence models. Getting the shock position correct using the experimental downstream static pressure means the flow rate, efficiency and pressure rise should be correct and consistent. The comparison of shock position can therefore be a sensitive measure of the prediction capability of the code. The shock position compared well for the Baldwin-Lomax solution with the modified constants and both k-e solutions. The flow rate for both the k-e solutions was closer to experiment than any of the Baldwin-Lomax solutions.
Even with the k-e models, the flow rates are still high relative to the accuracy of the measurement. There are several physical phenomena which are still missing in these solutions which might explain this. First, the inlet total pressure profile was specified to be flat because the incoming casing boundary layer was not measured. However, even though the experiment was set up to minimize the boundary layer thickness, it would still not be zero. Second, the fan was run as a coupled stage. The assumption that the relative deterministic flow is steady is not 100% valid. This effect could be modeled by adding the terms which Adamcyzk (1985) recommends or using a time accurate solver for both the rotor and stator. Third, the turbulence has been assumed to be locally isotropic. With such a complicated flowfield, especially in the tip, this is probably not the case, although no measurements of detailed turbulence has been measured in the tip region of a transonic fan. And fourth, the running tip clearance is not accurately known because it is very small and hard to measure, and the flow rate is very sensitive to the size of the tip clearance modeled.
The contours of ideal Mach number (a normalized static pressure assuming no loss) for the standard k-e model solution are shown in Figs. 9 and 10 for the pressure and suction surfaces respectively. These clearly show the calculated shock locations on the blade surfaces.
Contours of an entropy function (exp(-AsIR)) are shown in Fig. 11 at the trailing edge grid surface for the standard k-e model solution. Entropy is a much better quantity for observing loss than total pressure because the system is rotating. Values of one indicate no loss. There are large losses associated with the tip clearance represented by the low level of this entropy function (0.60) associated with the tip clearance vortex. The losses are much larger on the suction surface than the pressure surface due to the higher shock losses.
To demonstrate how different the k-e and BaldwinLomax models are, a contour plot of the quantity pt/µt is shown for the Baldwin-Lomax solution with standard constants and wall functions (Fig. 12 ) and the standard ke solution (Fig. 13) at mid span. In Fig. 12 , the turbulent viscosity goes to zero in the middle of the passage, whereas in the standard k-e model solution, the turbulent viscosity at the inlet is 400 times the laminar value based on the specified inlet turbulence intensity and length scale. Fig. 14 shows how the turbulent viscosities are reduced using the extended model.
Concluding Remarks
An explicit Navier-Stokes solver, which has the option of using either a Baldwin-Lomax algebraic turbulence model or an implicit k-c turbulence model, has been written. Five solutions have been presented for a transonic fan rotor using modifications of these two turbulence models while keeping the grid, smoothing and boundary conditions identical. Several conclusions can be drawn from the current work; these are:
1. Coupling an implicit k-e solver with the explicit Navier-Stokes solver has proven very successful.
2. Unless the Baldwin-Lomax constants are modified for the pressure gradient, the shock position does not compare as well with experiment as the k-e solutions.
B.S. Baldwin and H. Lomax. Thin layer approximation and algebraic model for separated turbulent flows. AIAA 78-257, January 1978.
3. The flow rate for the k-e solutions is closer to experiment than any of the Baldwin-Lomax solutions.
4. An extended k-e model, which is a simple modification to the standard k-e model, produces a shock position and mass flow rate which agree slightly better with experimental data than even the standard k-e model.
Further cases need to be run to determine the generality of the extended model.
5. The k-e code, which solves two partial differential equations, actually runs faster than the algebraic Baldwin-Lomax code. Coupled with the k-e solutions converging better than the Baldwin-Lomax solutions, the overall run times are less.
6. The k-e equations are very stiff and the practical success of the model can be attributed to solving these equations implicitly. Using this approach to solve other stiff systems, such as the chemical reaction equations might prove very useful.
Based on these conclusions, designers at GE Aircraft Engines are using this code with the k-e turbulence model on a day-to-day basis. Many different turbomachinery components are being analyzed and designed with the help of this code at both design and off design conditions. Additional solutions using this code with the standard k-e model are presented by Jennions and Turner (1992) 
